Introduction {#Sec1}
============

Afferent information from perineal skin induces not only cutaneous sensation but also various autonomic responses, including ejaculation and modulation of vesical contraction. Electrical stimulation of the pudendal nerve \[[@CR1]--[@CR5]\] or natural stimulation of perineal skin \[[@CR6]--[@CR8]\] can inhibit reflex contractions of the urinary bladder induced by bladder distension in anesthetized animals. However, the types of somatic afferent fibers involved in such reflex inhibition are still to be accurately determined.

We have recently found that a gentle mechanical stimulus to the perineal skin applied by a soft roller can strongly inhibit rhythmic micturition contractions (RMCs) in anesthetized rats, and that the stimulation induces a low-frequency (range, 0.03--11 Hz) excitation of low-threshold mechanoreceptive Aβ, Aδ, and C fibers in the cutaneous branch of the pudendal nerve (CBPN) \[[@CR8]\]. Our finding that the firing rates of cutaneous afferent fibers during rolling stimulation were \<11 Hz indicates that relatively low-frequency excitation of cutaneous low-threshold mechanoreceptive fibers is sufficient to inhibit RMCs. The efficacy of low-frequency activity is in agreement with previous studies, which report that low-frequency electrical stimulation (5--10 Hz) of pudendal afferent fibers induces inhibition of the micturition reflex, whereas higher frequency stimuli (20--40 Hz) of the same afferent fibers are ineffective or have opposite effects on the bladder contractions in anesthetized cats \[[@CR1], [@CR2], [@CR9]\].

We aimed to systematically study the contribution of cutaneous afferent Aβ, Aδ, and C fiber groups on the inhibition of the micturition reflex. For this purpose, vesical reflex responses to the electrical stimulation of perineal cutaneous afferent nerve fibers were determined in anesthetized rats with distended bladders. Electrical stimulation was applied to CBPN at different frequencies with three different strengths to evoke the activation of different sets of fiber groups, defined by recording afferent volleys from CBPN. Part of the study was published as an abstract form \[[@CR10]\].

Methods {#Sec2}
=======

The experiments were performed in 10 adult (4--8 months of age) male Wistar or Fischer rats. This study was conducted in accordance with the Guidelines for Proper Conduct of Animal Experiments (established by the Science Council of Japan in 2006) and was approved by the animal care and use committee of Tokyo Metropolitan Institute of Gerontology. All surgeries and data collection were performed under urethane anesthesia. Basic preparation, including dose of anesthesia, maintenance of artificial respiration and core body temperature, and recordings of intravesical pressure and blood pressure, were the same as in a previous study \[[@CR8]\]. During data collection, gallamine triethiodide (20 mg/kg, i.v.) was administered to avoid contamination of skeletal muscle activity. A catheter inserted into the bladder via the anterior urethra was connected to a transducer (TP-200T, Nihon Kohden, Tokyo) via a T-shaped connector. The bladder was filled with saline to produce isovolumic bladder RMCs.

After cutting the skin on the left side in the prone position, CBPN, alternatively named the posterior cutaneous nerve of the thigh \[[@CR11]\] or the scrotal nerve \[[@CR12]\], was separated and cut at \>20 mm caudal to the sacral plexus. The cavity was kept open by pulling back the edge of the cut skin with threads, and the cavity was filled with warm paraffin oil. The central cut segments of the nerve were placed on bipolar platinum--iridium wire stimulation electrodes, and repetitive rectangular pulses (0.5 ms) were delivered to the nerve. During CBPN stimulation, the evoked compound action potential of CBPN was recorded at 17--25 mm proximal from the stimulation site in five rats.

Values are expressed as mean ± standard error. Changes in RMCs induced by CBPN stimulation were assessed using repeated measures one-way analysis of variance (ANOVA), followed by Dunnett's multiple comparison test or two-way ANOVA repeated by time. Statistical significance was set at the 5 % level. One or two trials in each rat were used for the statistical analysis.

Results and Discussion {#Sec3}
======================

The afferent fiber groups involved in the reflex inhibition of RMCs were examined by the electrical stimulation of CBPN with different stimulus intensities and frequencies for repetitive stimulation. We varied stimulus intensities as a method for preferentially activating fiber groups and confirmed our ability to selectively activate particular groups or combinations of groups by recording the evoked volleys of nerve action potentials and identifying compound action potentials with different conduction velocities (Fig. [1](#Fig1){ref-type="fig"}). As the stimulus intensity increased, three different compound action potential waves corresponding to Aβ, Aδ, and C fibers were gradually elicited, in that order. The mean threshold intensities for Aβ, Aδ, and C nerve fibers were 0.12 V (range 0.10--0.13 V; *n* = 4), 0.30 V (0.25--0.38 V), and 3.1 V (2.2--4.0 V), respectively. Evoked action potentials were identified by the maximum conduction velocities of 42.2 m/s (range 38.5--48.6 m/s) for Aβ fibers, 12.6 m/s (12.1--13.2 m/s) for Aδ fibers, and 1.2 m/s (1.1--1.3 m/s) for C fibers. We chose three stimulus intensities to study the repetitive stimulation. The stimulus intensities were set at 0.2 V (suprathreshold for Aβ fibers but subthreshold for Aδ and C fibers), 1.0 V (suprathreshold for Aβ and Aδ fibers but subthreshold for C fibers), and 10 V (suprathreshold for all fibers). CBPN were electrically stimulated with these intensities at different frequencies (0.1, 1, 10 Hz) for 1 min, and responses of RMCs to these stimuli were examined in seven rats.Fig. 1Compound action potentials of Aβ, Aδ, and C fibers induced by electrical stimulation of CBPN. Length between stimulation and recording site was 25 mm. *Upper* sample recordings of compound action potentials evoked by single electrical pulses at different stimulus intensities. *Lower* graph of the relation of stimulus strength (V) and magnitude of evoked volleys of each fiber expressed as % of maximum

When the urinary bladder was infused with saline (0.8--1.5 ml), the bladder started to produce micturition contractions (basal pressure: 80--170 mm H~2~O, peak pressure: 270--660 mm H~2~O) rhythmically (frequency 0.5--3/min) (see specimen records before the stimuli in Fig. [2](#Fig2){ref-type="fig"}a). RMCs could be observed for \>2 h under the resting condition without CBPN stimulation. When RMCs were stable for at least 5 min, we started to apply electrical stimulation to CBPN.Fig. 2Effects of electrical stimulation of CBPN on RMCs of the urinary bladder. **a** Sample recordings of RMCs in one rat. Stimulation for 1 min at 10 Hz was applied as indicated by *bottom bar*. **b** Peristimulus time histograms of RMCs, compiled from 6 to 7 trials in seven rats. Each *point* represents mean ± standard error for mean frequency of the contractions counted every 2 min and expressed as frequencies per min. Onset of stimulation was set as time zero. \**p* \< 0.05, \*\**p* \< 0.01; significantly different from prestimulus basal values using repeated measures one-way ANOVA followed by Dunnett's test

Figure [2](#Fig2){ref-type="fig"}a illustrates sample recordings in which 10 Hz stimulation of CBPN afferents for 1 min at various intensities affected RMCs in an intensity-dependent manner. The time courses of the effect of electrical stimulation of CBPN at various intensities (0.2, 1, and 10 V) and frequencies (0.1, 1, and 10 Hz) are summarized as time histograms of contraction counted every 2 min and expressed as frequencies per minute in the graphs of Fig. [2](#Fig2){ref-type="fig"}b. To make these graphs, each vesical contraction was counted as one contraction only when its amplitude was maintained above one third of the prestimulus control size according to Sato et al. \[[@CR13]\].

Stimulation with 0.2 V produced no obvious responses in RMCs during and immediately after the end of stimulation at any frequency tested (Fig. [2](#Fig2){ref-type="fig"}b, upper row). However, frequency of RMCs gradually decreased after that, taking several minutes. Significant decrease was observed at 7--11 min after the onset of stimulation at 0.1--10 Hz. The decreased frequency of RMCs recovered within 20 min after stimulation. There were no significant differences in changes in RMCs among stimulation at 0.1, 1, and 10 Hz stimuli. Our results indicate that the activation of Aβ afferents produced late inhibition at 0.1--10 Hz. The result that Aβ fibers do not contribute to early inhibition was consistent with that of the previous study by Sato et al. \[[@CR14]\] who focused on early effects (during stimulation) of electrical stimulation of a hind limb nerve. A delayed inhibition of bladder contractions similar to our result was reported by the stimulation of the L6 spinal nerve using motor threshold pulses \[[@CR15]\]. However, they reported that the effect was only observed at 10 Hz of stimulus frequency, but not at 1 or 20 Hz; in contrast, our stimulation at much lower frequencies (0.1--1 Hz) was sufficient to cause the same effects as 10 Hz stimulation. The L6 spinal nerve contains not only perineal skin afferents but also afferent fibers from other skin areas, muscles, joints, and visceral organs (e.g., the urinary bladder). Therefore, the difference may be caused by an additional activation of the other afferent fibers by the stimulation of the L6 spinal nerve.

Stimulation with 1 V decreased frequency of RMCs immediately after stimulation at 1 or 10 Hz. Significant decrease was observed at 3 min or 1 min after the onset of stimulation at 1 or 10 Hz, respectively (Fig. [2](#Fig2){ref-type="fig"}b, middle row). Response to stimulation at 10 Hz persisted over a long period, with significant decrease being continued over 11 min. However, response to 1 Hz-stimulation immediately started to recover, with the significant response being observed only at 3 min. Stimulation with 1 V at 0.1 Hz produced no consistent changes in RMCs during and after stimulation. Although stimulation with 1 V required to activate Aδ afferents also activates the larger diameter, fast-conducting Aβ fibers, the result that early inhibition was only observed when Aδ skin afferent fibers were additionally activated suggests the contributions of Aδ fibers to the early inhibition of RMCs. Our results indicate that the activation of Aδ afferents at 10 Hz produces early inhibition. On the other hand, low-frequency discharge (0.1 Hz) of Aδ afferents may have a late excitatory effect, which masks the late inhibition produced by the activation of Aβ fibers. Further, the intermediate frequency (1 Hz) appears to have both effects, i.e., early inhibition and late excitation.

With stimulation of 10 V, the frequency of RMCs was immediately decreased after stimulation at 1 and 10 Hz, and the significant decrease of RMCs was continued until 11 min after the onset of stimulation (Fig. [2](#Fig2){ref-type="fig"}b, lower row). Particularly at 10 Hz, consistent and strong inhibition was produced. RMCs completely stopped for \>10 min in all rats tested. The contraction reappeared 17--22 min after stimulation. Changes in RMCs produced by 10 Hz stimulation were significantly different from those produced by 1 Hz stimulation (by two-way ANOVA). Stimulation with 10 V at 0.1 Hz produced no consistent changes in RMCs during and after stimulation. The results indicate that repetitive electrical activation of all fiber groups Aβ, Aδ, and C skin afferent fibers produced inhibition of RMCs, depending on stimulus frequency. Similar results were reported in cats by hind limb nerve stimulation \[[@CR14]\]. Although stimulation with the 10 V required to activate C afferents also activates Aβ and Aδ fibers, the result that complete inhibition was only observed when skin afferent C fibers were additionally activated suggests that the activation of C afferents at 10 Hz contributes to both early and late inhibition.

Many C fibers are nociceptive fibers expressing the heat-sensing capsaicin-sensitive transient receptor protein vanilloid 1 (TRPV1) channel \[[@CR16]--[@CR18]\]. On the other hand, low-threshold mechanoreceptive C fibers do not express the TRPV1 channel; accordingly, they are unresponsive to noxious heat and capsaicin \[[@CR19], [@CR20]\]. TRPV1-positive cells compose 50--60 % of total dorsal root ganglion (DRG) neurons in L6-S1 (the segment innervating perineal skin) \[[@CR18]\]. It has been suggested that low-threshold mechanoreceptive C fibers account for approximately 20--30 % of DRG neurons in L6-S1 \[[@CR21]\].

To block the conduction of TRPV1-positive C fibers, capsaicin (dissolved in 10 % Tween 80 in paraffin oil at a concentration of 1 %) was applied locally to CBPN in three rats according to the method of Petsche et al. \[[@CR22]\]. Capsaicin treatment of CBPN for 1 h significantly reduced the amplitude of compound action potentials of the C fibers (compare Fig. [3](#Fig3){ref-type="fig"}B, D) across the application site, as reported previously \[[@CR22], [@CR23]\]. However, strong suppression of RMCs due to CBPN stimulation with 10 V at 10 Hz was still observed as seen before capsaicin treatment (compare Fig. [3](#Fig3){ref-type="fig"}A, C). Similar results were obtained in another two rats. Stimulation of capsaicin-treated CBPN completely stopped RMCs for 22.7 ± 6.9 (range 13--36, *n* = 3) min, which was equivalent to that in control rats without capsaicin treatment (18.7 ± 0.8 min, *n* = 6).Fig. 3Effect of the local application of capsaicin on CBPN on the inhibition of RMCs by the electrical stimulation of CBPN. Representative results. *A*, *B* Before capsaicin treatment. *C*, *D* One hour after application of capsaicin. *A*, *C* Sample recordings of RMCs. *Horizontal heavy bars* indicate the stimulation time. *B*, *D* Compound action potentials of CBPN, averaged (600 times) during the stimulation with 10 V at 10 Hz for 1 min. The latency of the C fiber volleys in *D* is faster than in *B* probably because the nerve length may be shortened after capsaicin treatment for some reason, e.g., by movement of the stimulating or recording electrodes, or by movement of the nerve on the electrodes. The *sharp waves* with latencies of 2.5 ms (*B* and *D*) are Aδ-fiber volleys. The magnitude of that in *D* is smaller than that in *B* because there are capsaicin sensitive Aδ fibers \[[@CR23], [@CR29]\]

Petche et al. \[[@CR22]\] showed that nociceptive C-fibers responding to strong mechanical and heat stimulation were blocked; however, unmyelinated cold fibers were not affected by capsaicin treatment. To confirm the effectiveness of conduction block of capsaicin-sensitive fibers, we examined the effect of capsaicin treatment and noxious heat-induced effect on RMCs. Noxious heat stimulation was applied to the perineal skin using a Peltier thermode as described previously \[[@CR24]\]. Noxious heat (47 °C) stimulation for 1 min induced transient excitation during stimulation followed by a complete inhibition of bladder contractions for \>10 min. Both excitatory and inhibitory effects were almost abolished by capsaicin treatment (data not shown). This result is in agreement with a report that responses of spinothalamic tract cells during heating of the cutaneous receptive field are almost eliminated by capsaicin applied to the cutaneous nerve \[[@CR23]\]. Our result with heat stimulation suggests that TRPV1-positive fibers from the skin contribute to the changes in RMCs. Furthermore, our results with CBPN stimulation after capsaicin on CBPN suggest that TRPV1-negative skin afferent fibers, e.g., low-threshold mechanoreceptive C fibers and/or cold fibers, also contribute to the inhibition of RMCs.

In our previous study, a greater frequency of discharge was observed in unmyelinated \[3.3--11.1 (7.9 ± 1.6) Hz\] afferents than in myelinated \[Aβ: 0.03--8.6 (2.2 ± 0.7) Hz; Aδ: 0.1--6.4 (2.9 ± 0.8) Hz\] afferents during gentle rolling stimulation to a perineal skin effective in inhibiting RMCs \[[@CR8]\] and for nocturia due to overactive bladder \[[@CR25]\]. Taken together, the present study with electrical stimulation of CBPN, which innervates perineal skin to define the fiber groups involved in the afferent limb of the reflex inhibition of RMCs, supports the previous assumption that the activation of low-threshold mechanoreceptive afferents at an average frequency of 2 Hz for Aβ, 3 Hz for Aδ, and 8 Hz for C fibers all contribute to the inhibition of RMCs \[[@CR8]\]. Furthermore, activity of Aβ fibers (0.1--10 Hz) contributes to delayed inhibition, activity of Aδ fibers (1--10 Hz) contributes to early inhibition, and activity of C fibers (1--10 Hz) contributes to both early and late inhibition of RMCs. Although central mechanisms of gentle rolling stimulation have partially been determined \[[@CR26]\], mechanisms underlying the early and late inhibition are still unclear.

Stimulation of somatic nerves or somatic tissues, particularly in the sacral area, has been used for the treatment of overactive bladder \[[@CR27], [@CR28]\]. Our results provide an important insight for developing appropriate therapy for overactive bladder.
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